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Abstract: The present study focused on the screening and optimization of biopolymer polyhydroxybutyrate (PHB) production by
Bacillus spp. using cost-effective substrates. Among 602 local Bacillus isolates, Bacillus thuringiensis B417-5 produced the highest amount
of PHB (2.278 g/L, 60.07% of dry cell weight, DCW). 1H NMR and FTIR analyses of the extracted polymer revealed the characteristic
peaks of PHB. The optimization results showed that the highest PHB accumulation (2.768 g/L, 72.08% of DCW) was achieved when
culturing B. thuringiensis B417-5 in a nitrogen-deficient medium containing 1% total sugar from sugarcane juice and 0.5% yeast extract,
with a pH of 7.0 and an incubation temperature of 37 °C for 48 h. B. thuringiensis B417-5 can thus be considered a good candidate for
large-scale production of PHB. We are reporting for the first time that sugarcane juice is a promising carbon source for economical PHB
production by B. thuringiensis.
Key words: Bacillus thuringiensis, bioplastic, polyhydroxyalkanoate, polyhydroxybutyrate, sugarcane juice

1. Introduction
Extensive use of petroleum-derived plastics (approximately
269 million tons used globally in 2015) increases the
environmental concerns of nonbiodegradable wastes,
including contamination with small fragments of toxic
compounds leaching out of landfills into ground water
and the emission of greenhouse gases and other organic
pollutants during the degradation process (Bernard,
2014). Consequently, environmental concerns have
prompted research into the development of the utilization
of biodegradable polymer alternatives to petroleumbased plastics. Among the biodegradable plastics,
polyhydroxyalkanoates (PHAs) are highly attractive as
their properties are similar to conventional plastics and
include biodegradability, apparent biocompatibility, and
manufacturing from renewable resources (Shah et al.,
2008). PHAs are lipid-like, water-insoluble, polyester
molecules that are synthesized and accumulated as
intracellular granules for energy reservation by a
variety of microorganisms under unbalanced growth
conditions, normally in the presence of excess carbon
with a limitation of at least one essential nutrient such as
nitrogen, phosphorus, sulfur, or oxygen (Bernard, 2014).
Among the PHAs, poly(3-hydroxybutyrate) [P(3HB),
PHB] is the best characterized PHA (Pena et al., 2014) that
* Correspondence: faasant@ku.ac.th
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can be synthesized by various bacteria, including grampositive Bacillus megaterium, B. subtilis, B. thuringiensis,
and Corynebacterium glutamicum and gram-negative
Cupriavidus necator (formerly known as Alcaligenes
eutrophus or Ralstonia eutropha), Azotobacter vinelandii,
and Pseudomonas mendocina (Pal et al., 2009; Pena et al.,
2014; Chanasit et al., 2016; Hassan et al., 2016). The PHB
polymer has very similar properties to petroleum polymer,
but this polymer degrades completely into carbon dioxide
and water under aerobic conditions (Lee, 1996; Harding
et al., 2007). To date, PHB has been used in the packaging
industry, agriculture, the food industry, and recently in
the medical and pharmaceutical fields (Pena et al., 2014).
The production of PHB at an industrial scale is achieved
by using gram-negative bacteria that have been reported
to contain outer membrane lipopolysaccharide (LPS)
endotoxins (Chen and Wu, 2005; Tan et al., 2014). The
LPS endotoxins are pyrogenic and copurify with PHB,
and this is, therefore, undesirable for medical applications
of PHB (Chen and Wu, 2005; Tan et al., 2014). On the
other hand, gram-positive bacteria lack LPS endotoxins;
hence, they are more suitable for PHB production use
in biomedical materials (Valappil et al., 2007). Several
gram-positive genera (Corynebacterium, Bacillus, and
Rhodococcus) have been used as PHA producers for
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biomedical applications (Valappil et al., 2007; Moorkoth
and Nampoothiri, 2016).
Among the PHA-producing gram-positive bacteria,
Bacillus spp. produce and accumulate various monomer
compositions of PHAs and have been reported to be
ideal hosts for PHB production (Valappil et al., 2007;
Moorkoth and Nampoothiri, 2016). Bacillus spp. produce
copolymers of PHAs using simple, relatively inexpensive,
and structurally unrelated carbon sources such as glucose,
sucrose, and molasses as substrates. The efficiency of PHA
production is determined by the PHA content (percentage
of dry cell weight, DCW) and varies depending mainly
on the strain of Bacillus spp. and the substrate used
for cultivation. Shamala et al. (2003) reported that the
production of PHAs by B. sphaericus and B. brevis using
sucrose as the substrate could obtain a PHA content of 30.2%
and 32.1% of DCW, respectively, whereas using sugarcane
molasses as the substrate resulted in approximately 25%–
35% and 57.5% of DCW of PHB accumulation in Bacillus
sp. JMa5 (Wu et al., 2001) and B. cereus PS10 (Sharma
and Bajaj, 2015), respectively. Recently, we reported that
B. thuringiensis 109-16 accumulated a moderate amount
of PHA (1.86 g/L, 50.86% of DCW) when cultured in
optimized medium containing 2% (w/v) sucrose and
0.3% (w/v) tryptone (Moonda et al., 2017). In this work,
we screened Bacillus spp. producing and accumulating
high amounts of PHB and optimized the culture medium
to achieve cost-effective PHB production. This is the
first report of PHB production by B. thuringiensis using
sugarcane juice as the carbon source.
2. Materials and methods
2.1. Bacterial strains
In total, 602 isolates of Bacillus spp., isolated from soil
samples from different geographical regions in Thailand,
were recovered from glycerol stocks of the Microbial
Biotechnology Research Unit at Kasetsart University,
Kamphaeng Saen Campus, Nakhon Pathom, Thailand.
The isolates were cross-streaked on nutrient agar (5.0 g/L
peptone, 3.0 g/L beef extract, and 15 g/L agar; pH 7.0) and
incubated at 37 °C for 12 h. B. megaterium ATCC 13639
and Escherichia coli strain JM109 were used as positive and
negative controls, respectively.
2.2. Screening of PHB-producing Bacillus spp.
The preliminary screening for the detection of Bacillus
isolates able to synthesize and accumulate PHB was
performed using the method described by Zhang et al.
(2013). The PHB-producing colonies appeared bluishblack, while other colonies remained white. B. megaterium
and E. coli were used as positive and negative controls,
respectively. The Bacillus spp. isolates positive for colony
staining were further confirmed for PHB accumulation
using cell staining with Sudan Black B. The bacterial cells

were smeared on glass slides, heat fixed, and stained with
3% Sudan Black for 10 min. The slides were then immersed
in xylene until completely decolorized. The smears were
counterstained with Safranin-O for 30 s and investigated
under a bright-field microscope at 1000× magnification.
PHB granules appeared dark blue, and the cytoplasm was
red.
Sudan Black-positive isolates were further selected
according to the high accumulation of PHB granules in
the cells for further quantitative analysis. PHB production
was carried out in 100 mL of nitrogen-deficient medium
containing 1% sucrose, 0.02% MgSO4, 0.01% NaCl, 0.05%
KH2PO4, 0.25% peptone, and 0.25% yeast extract at pH
7.0 as reported by Pal et al. (2009) and incubated at 37
°C with shaking at 100 rpm for 48 h. Bacterial cultures
were harvested and then assayed for PHB accumulation
following the extraction and quantitative analysis methods
described below. The most potent isolate was selected for
further optimization of the culture medium and cultivation
conditions.
2.3. Extraction and quantitation of PHB
PHB extraction and quantitative analysis were performed
using a previously described method (Santhanam and
Sasidharan, 2010). The PHB concentration was determined
by measuring the absorbance at 235 nm using a GENESYS
10S UV-Vis (Thermo Scientific, USA) compared with the
standard curve plotted between concentrations of crotonic
acid and absorbance at 235 nm. For the DCW analysis, 10
mL of culture sample was centrifuged at 11,200 × g for 20
min. The cell pellet was washed twice with 1 mL of distilled
water and transferred to a dry, preweighed petri dish. The
pellet was dried to constant weight at 60 °C to estimate
the DCW in g/L. Three independent replications were
performed. The percentage of PHB accumulation was
estimated as the percentage composition of PHB present
in the DCW, which was calculated using the following
formula:
PHB accumulation (%) = Dry weight of extracted PHB
(g/L) / DCW (g/L) × 100
2.4. Detection of the phaC gene
Detection of the phaC gene encoding PHA synthase in
the most potent PHB-producing isolate was performed
using a pair of specific primers for the phaC gene
of B. thuringiensis. The primers Bt-phaC forward
(5ʹ-AATGGGAAAAGCAATTAGAG-3ʹ) and Bt-phaC
reverse (5ʹ-ACATACATATTGTTTATCTG-3ʹ) were
designed according to the nucleotide sequences of the
phaC genes of B. thuringiensis available in GenBank, NCBI.
PCR was carried out in a total volume of 25 µL containing
0.2 mM dNTP (Bioline, UK), 0.2 µM of each primer, 1X
NH4 reaction buffer, 1.5 mM MgCl2, 1.25 U of BioTaq
DNA polymerase (Bioline, UK), and 1 µL (approximately
10 ng) of genomic DNA. The cycling conditions for the
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amplification of the phaC targets were as follows: 95 °C
for 3 min, followed by 30 cycles of 94 °C for 1 min, 55 °C
for 1 min, and 72 °C for 1 min. The PCR products were
analyzed on a 1% agarose gel, and the gel was stained with
ethidium bromide solution. Amplified DNA fragments
were visualized under ultraviolet light and recorded using
a Gel-Doc Alpha Imager (Alpha Innotech, USA). The PCR
products were purified and subjected to sequence analysis
(First Base, Malaysia).
2.5. Identification of the most potent PHB-producing
isolate
Identification of the most potent PHB-producing isolate
was carried out using 16S rDNA sequence analysis. The
genomic DNA of the bacterial isolate was extracted using
a previously described method (Thammasittirong and
Attathom, 2008). The PCR amplification was carried out
using the 27F and 1492R universal primers. The amplified
products were subjected to nucleotide sequencing (First
Base, Malaysia). Nucleotide sequences were compared with
available 16S rDNA sequences in the GenBank database
using the BLAST tool (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). In addition to 16S rDNA sequence analysis, PCR
detection of the cry2 gene specific for most B. thuringiensis
was performed. The amplification was achieved using
the cry2-F (5ʹ-TACCTTTATTTGCACAGGCA-3ʹ) and
cry2-R (5ʹ-CTACCGTTTATAGTAACTCG-3ʹ) primers
following the previously described PCR conditions
(Thammasittirong and Attathom, 2008).
2.6. Transmission electron microscopy (TEM) study
The cells of the most potent PHB-producing isolate were
prepared for TEM analysis using the method of Wu et al.
(2001). Images of thin sections were recorded using an
HT-7700 TEM (Hitachi Ltd., Japan) at 80 kV.
2.7. Optimization of culture conditions for PHB
production
The most potent PHB-producing isolate was selected
to optimize the culture conditions for PHB production.
Different parameters consisting of carbon sources,
nitrogen sources, the pH of the media, and incubation
times were optimized.
Six carbon sources (soluble starch, sugarcane juice,
sugarcane molasses, glycerol, glucose, and sucrose) were
selected to study the effect of carbon on PHB production.
Each nitrogen-deficient medium (pH 7.0) containing 1%
of the carbon source (1% total soluble solid (TSS) for the
sugarcane juice and sugarcane molasses), 0.25% peptone,
0.25% yeast extract, 0.02% MgSO4, 0.01% NaCl, and 0.05%
KH2PO4 was inoculated (2% inoculum) with the most
potent PHB-producing isolate and incubated for 48 h
at 37 °C with shaking at 100 rpm. After incubation, the
extraction and quantitation of PHB were performed. The
carbon source that yielded the highest PHB production
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was selected to study the effect of carbon concentration by
varying the concentrations between 0.5% and 5.0% in the
nitrogen-deficient medium.
Six nitrogen sources (peptone, yeast extract, urea,
ammonium sulfate, ammonium nitrate, and potassium
nitrate) were used to study the effect of nitrogen on PHB
production. Each nitrogen-deficient medium (pH 7.0)
containing the optimized carbon source and different
nitrogen sources at concentrations of 0.25% and 0.5%
was inoculated (2% inoculum) with the most potent
PHB-producing isolate, with incubation and quantitation
analysis performed as described above.
The effect of the initial pH of the medium on PHB
production was studied by preparing the optimized culture
medium with pH varying from 2.0 to 10.0. The inoculation,
incubation, and quantitation analyses were carried out as
described above. Finally, the time-course study for PHB
production was achieved by culturing the most potent
PHB-producing isolate in the optimized medium for 12,
24, 36, 48, 60, 72, 84, 96, 108, and 120 h. The quantitation
analysis of PHB production was performed as described
above. The remaining sugars in the medium were analyzed
using high-performance liquid chromatography (HPLC)
as previously described (Senatham et al., 2016).
2.8. Characterization of PHB
2.8.1. Proton nuclear magnetic resonance (1H NMR)
spectroscopy
The identity of individual monomer units of the extracted
PHB was confirmed using 1H NMR spectroscopy. 1H NMR
spectral analysis was carried out by dissolving the purified
PHB in deuterochloroform (CDCl3) at a concentration of
10 mg/mL and analyzing it on a Fourier transform NMR
Varian 500 Unity Inova spectrometer (Varian Inc., USA).
2.8.2. Fourier transform infrared (FTIR) spectroscopy
The PHB extracted from the most potent PHB-producing
isolate was analyzed by FTIR spectroscopy using a
Spectrum Two (PerkinElmer, USA) with scanning as a
spectrogram between 4000 and 400 cm–1 to confirm the
functional groups of the extracted polymer.
2.9. Sugarcane juice characterization
The sugar composition of sugarcane juice was determined
using HPLC according to Senatham et al. (2016). TSS was
measured using a hand refractometer.
3. Results and discussion
3.1. Screening of Bacillus spp. producing PHB
Bacillus is an ideal host for PHB production in highly
valuable biomedical applications (Valappil et al., 2007;
Moorkoth and Nampoothiri, 2016). Therefore, in this
work, we screened the Bacillus spp. that produced and
accumulated high amounts of PHB. In total, 602 local
isolates of Bacillus spp. were preliminarily screened for
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PHB production by point inoculation on nutrient agar
medium supplemented with 5% sucrose and staining with
Sudan Black B. Among these, 79 isolates (13.12%) were
positive for Sudan Black B staining in which colonies
were stained black similar to the positive control of B.
megaterium. The positive isolates for colony staining
were further confirmed for PHB accumulation using cell
staining. Among the 79 positive isolates, 21 isolates were
selected for further quantitative analysis based on high
intensity staining. The PHB accumulation ranged from
37.06% to 60.07% of DCW (Table). The highest level of PHB
accumulation (2.278 g/L, 60.07% of DCW) was obtained
from isolate B417-5. The PHB granule accumulation in
B417-5 was studied using a light microscope and TEM.
After staining with methylene blue, cells were stained as
blue, while PHB granules were not stained (Figure 1a).
Staining with Sudan Black B and Safranin-O showed that
PHB granules appeared as blue-black droplets inside red
cells (Figure 1b). The TEM image revealed the spherical

and oval shape of PHB granules, with an average size of
approximately 1 µm (Figure 1c). The phaC gene encoding
PHA synthase was used for rapid screening of bacteria that
accumulate PHA granules (Sheu et al., 2000; Shamala et
al., 2003). Isolate B417-5 was analyzed for the presence of
the phaC gene using primers specific for the phaC gene of
B. thuringiensis. Figure 2a shows a single expected 970-bp
amplification product band of the phaC gene, indicating
the presence of this gene in isolate B417-5. Nucleotide
sequence analysis showed that the phaC sequence of B4175 was similar (100% identity) to that of Bacillus spp.
3.2. Identification of the most potent PHB-producing
isolate
Analysis of the partial 16S rDNA sequence of isolate B4175 revealed that this isolate belonged to the genus Bacillus
(99% identity). Further identification was performed
by detecting the presence of the cry2 gene specific for B.
thuringiensis. The result of agarose gel electrophoresis
showed an amplification product band of approximately

Table. PHB production by 21 Bacillus isolates.
Isolate

PHB (g/L)

Bt 417-5

CDW (g/L)

PHB content (%)

2.278 ± 0.041

def

3.793 ± 0.049

60.07 ± 1.69a

Bt 238-1

2.283 ± 0.040a

3.907 ± 0.047cd

58.45 ± 1.68a

Bt 111-29

2.156 ± 0.042

fg

3.703 ± 0.071

58.21 ± 0.16a

Bt 133-2

1.946 ± 0.012c

3.717 ± 0.055fg

52.36 ± 1.10b

Bt 125-1

1.687 ± 0.116

3.717 ± 0.090

45.45 ± 4.16de

Bt 358-6

1.915 ± 0.032c

3.970 ± 0.046bc

48.24 ± 0.31c

Bt 258-1

1.784 ± 0.033d

3.770 ± 0.06ef

47.33 ± 1.05cd

Bt 128-1

1.900 ± 0.021

4.130 ± 0.087

46.02 ± 1.20cde

Bt 403-7

1.750 ± 0.044de

3.883 ± 0.074cde

45.06 ± 0.59de

Bt 237-15

1.660 ± 0.026

3.700 ± 0.056

44.87 ± 0.15ef

Bt 174-2

1.614 ± 0.046fgh

3.677 ± 0.140fg

43.93 ± 1.36efg

Bt 208-1

1.551 ± 0.018

hi

3.537 ± 0.095

43.87 ± 0.82efg

Bt 314-2

1.431 ± 0.023j

3.423 ± 0.083ij

41.82 ± 1.64ghi

Bt 111-12

1.486 ± 0.023

hij

3.493 ± 0.045

42.54 ± 0.23fgh

Bt 482-3

1.492 ± 0.050ij

3.590 ± 0.040gh

41.55 ± 0.95ghi

Bt 221-1

1.583 ± 0.037

3.797 ± 0.083

41.69 ± 0.07ghi

Bt 403-13

1.608 ± 0.039fgh

3.940 ± 0.046bc

40.80 ± 0.91hi

Bt 403-18

1.537 ± 0.067

3.807 ± 0.074d

40.36 ± 0.97hi

Bt 403-19

1.616 ± 0.028fgh

4.043 ± 0.072ab

39.97 ± 0.07i

Bt 358-1

1.260 ± 0.065k

3.400 ± 0.026j

37.06 ± 2.17j

B. megaterium

0.460 ± 0.008

1.823 ± 0.059

25.24 ± 0.45k

E. coli

0.000 ± 0.000m

1.187 ± 0.049l

0.00 ± 0.00l

a

b

ef

c

fg

hi

ij

gh

hi

l

fg

a

fg

def

ef

k

Data represent mean values ± SD from three independent experiments. Different letters
indicate significant differences between isolates (P ≤ 0.05).
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Figure 1. PHB accumulation in isolate B417-5 according to (a) simple staining with methylene blue, (b) Sudan Black B
staining, and (c) a TEM image, collected at 800 kV; arrows indicate PHB granules in the isolate.

Figure 2. Amplification of the (a) phaC gene and (b) cry2 gene in isolate
B417-5 using polymerase chain reaction. Lane M: DNA ladder; lane 1:
amplification product of isolate B417-5.

1170 bp of the cry2 gene (Figure 2b), indicating that isolate
B417-5 was B. thuringiensis. This result was consistent with
previous reports in which B. thuringiensis was shown to
be one of the most promising bacteria for use in PHB
production (Pal et al., 2009; Saleem et al., 2014).
3.3. Optimization of PHB production using Bacillus
thuringiensis B417-5
3.3.1. Effect of different carbon sources on PHB
production
In Thailand, low-cost agricultural substrates such as
sugarcane, cassava, and sugarcane molasses (a byproduct
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of sugar manufacturing) are attractive for industrialscale PHB production. In this work, we studied the effect
of various carbon sources (glucose, sucrose, glycerol,
soluble starch, sugarcane juice, and sugarcane molasses)
on PHB production by the most potent PHB-producing
isolate, B. thuringiensis B417-5. The results revealed that
maximum PHB production was obtained when using
1% TSS sugarcane juice as the sole carbon source (2.781
g/L, 69.60% of DCW) (Figure 3a). Sugarcane juice has
been reported to be utilized for PHB production by the
gram-negative bacteria A. eutrophus (1.84 g/L, 30.60%
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Figure 3. Effect of (a) carbon sources and (b) carbon concentrations for the biomass and
PHB production by B. thuringiensis B417-5. Data represent mean values ± SD from three
independent experiments.

of DCW) (Suwannasing et al., 2011) and A. latus (1.30
g/L, 63.00% of DCW) (Serna-Cock and Parrado-Saboya,
2014). In addition, this carbon source was recently used
for PHA production by gram-positive bacterium Bacillus
sp. SV13 (1.525 g/L, 44.85% of DCW) (Suwannasing
et al., 2015). To our knowledge, this is the first study
reporting the production of PHB by B. thuringiensis
using sugarcane juice as the carbon source. Sugarcane
is an economical and readily available carbon source for
large-scale PHB production in Thailand and has been
reported to be the least expensive raw material for PHB
production (Suwannasing et al., 2015). In addition, the
utilization of sugarcane juice for bioplastic production is
an alternative way to increase the value of this agricultural
product. Analysis of the sugar composition of sugarcane
juice revealed that the TSS was 25 °Brix, which contained

sucrose, glucose, and fructose at 261.45, 15.95, and 8.77
g/L, respectively. The major component of sugarcane juice
was sucrose, which B. thuringiensis B417-5 could use to
synthesize PHB at 2.213 g/L (59.91% of DCW) when using
this sugar as the sole carbon source (Figure 3a). This result
was consistent with our recent report that showed that
moderate PHB production (1.86 g/L, 50.86% of DCW) was
obtained by culturing B. thuringiensis 109-16 in medium
containing sucrose as the carbon source (Moonda et al.,
2017). In addition, Thirumala et al. (2010) reported that
Bacillus sp. 112A produced maximum PHB from a sucrose
carbon source (1.512 g/L, 58.90% of DCW).
The amounts of PHB produced from using glycerol
and glucose (1% w/v) as the sole carbon source were 1.849
g/L (60.88% of DCW) and 1.825 g/L (60.70% of DCW),
respectively (Figure 3a). Our results contradicted previous
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work that reported that the highest PHB accumulation (1.4
g/L, 34.18% of DCW) in B. thuringiensis R1 was obtained
when using glycerol (1% v/v) as the carbon source (Rohini
et al., 2006). In addition, Aly et al. (2013) reported that
the highest amount of PHB (0.52 g/L, 43% of DCW) was
obtained from B. cereus MM7 using medium containing
glucose (1% w/v). The result revealed that the amounts of
PHB produced using soluble starch and sugarcane molasses
as the sole carbon sources were 0.535 g/L (45.31% of DCW)
and 0.337 g/L (20.11% of DCW), respectively (Figure 3a).
B. thuringiensis B417-5 grew slowly in nitrogen-deficient
medium containing soluble starch and sugarcane molasses
as the carbon source, perhaps due to the low amylase
activity of this isolate or perhaps due to the effect of toxic
compounds, such as furfural and phenolic compounds in
the sugarcane molasses (Takara et al., 2007). Our results
contradicted those of Gowda and Shivakumar (2014), who
reported that B. thuringiensis IAM 12077 produced a high
amount of PHB in a medium using starch as the carbon
source (2.8 g/L, 41.50% of DCW), and Kulpreecha et al.
(2009), who reported that B. megaterium BA-019 produced
a high amount of PHB (4.16 g/L, 50.50% of DCW) in a
medium using 2% (w/v) sugarcane molasses as the carbon
source. However, B. thuringiensis R1 was reported to
produce a low amount of PHB (0.72 g/L, 23.06% of DCW)
when using 1% (w/v) sugarcane molasses as the carbon
source (Rohini et al., 2006).
The current results revealed no significantly different
effects from the media containing 1% TSS (2.728 g/L,
70.25% of DCW) or 2% TSS (2.967 g/L, 71.27% of DCW)
sugarcane juice on PHB production (Figure 3b). The results
also showed decreased bacterial cell growth when cultured
in a medium containing a sugarcane concentration higher
than 2% TSS, which may have been due to the hypertonic
effect. These results implied that 1% TSS sugarcane juice
was the optimum concentration for PHB production by B.
thuringiensis B417-5 in terms of cost-effective production.
Although a report by Suwannasing et al. (2015) showed that
Bacillus sp. SV13 accumulated the highest amount of PHA
(1.525 g/L, 44.85% of DCW) in the medium containing
1.5% (w/v) sugarcane juice as the sole carbon source, a
much higher cell mass and PHB productivity was reported
here. B. thuringiensis B417-5 can thus be considered a
good candidate for highly efficient production of PHB.
3.3.2. Effect of different nitrogen sources on PHB
production
The effect of the nitrogen source was studied by inoculating
B. thuringiensis B417-5 in nitrogen-deficient medium
containing 1% TSS sugarcane juice as the carbon source
and different nitrogen sources, including organic nitrogen
sources (peptone, yeast extract, and urea) and inorganic
nitrogen sources (KNO3, NH4NO3, and (NH4)2SO4). The
results showed that high cell mass and PHB production
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were observed after culturing B. thuringiensis B417-5
in media containing organic nitrogen sources, except
with urea, while low cell mass and PHB production were
observed when using inorganic nitrogen sources (Figure
4a). The results contradicted those of Tripathi et al. (2012),
who reported that Pseudomonas aeruginosa produced a
high amount of PHB in media containing urea, ammonium
sulfate, or ammonium nitrate as the nitrogen source. Our
results showed that the maximum PHB production of
2.793 g/L (70.59% of DCW) was obtained in the medium
containing 0.5% yeast extract (Figure 4a), which was
slightly higher than that of the conventional nitrogendeficient medium (2.737 g/L, 67.95% of DCW), which
contained 0.25% peptone and 0.25% yeast extract as the
nitrogen sources. The results agreed with a previous report
for B. cereus MM7, in which yeast extract was used as the
nitrogen source to achieve the maximum PHB production
(0.52 g/L, 43.00% of DCW) (Aly et al., 2013). In addition,
the highest PHB production was observed in the medium
containing 2% protease peptone as the nitrogen source
with B. subtilis 25 (1.023 g/L, 78.69% of DCW) and B.
megaterium 12 (0.059 g/L, 77.00% of DCW) (Yüksekdağ
et al., 2004). The current result contradicted with that
of Pal et al. (2009), who reported that maximum PHB
production (0.983 g/L, 60.30% of DCW) in B. thuringiensis
IAM 12077 was observed when using inorganic NaNO3 as
the nitrogen source. In addition, the mixture of inorganic
nitrogen sources 0.1% ammonium nitrate and 0.1%
ammonium sulfate was reported as the optimum nitrogen
source for PHB production by the B. thuringiensis strain
CMBL-BT-6 (Saleem et al., 2014).
3.3.3. Effect of pH on PHB production
The pH of the culture medium is a critical parameter for
PHB production. In the current work, B. thuringiensis
B417-5 was cultured in the optimum medium containing
1% TSS sugarcane juice as the carbon source and 0.5%
yeast extract as the nitrogen source with different pH
levels ranging between 4.0 and 10.0. The results showed
that the maximum PHB production of 2.707 g/L (71.23%
of DCW) was obtained after 48 h of incubation using the
optimum medium at pH 7.0 (Figure 4b). B. thuringiensis
B417-5 grew slowly in acidic medium at pH 5.0–6.0, and
there was no PHB production at pH 4.0 or lower. On the
other hand, a slightly slower growth rate and lower PHB
production of B. thuringiensis B417-5 was observed in the
alkaline medium compared with a neutral medium at pH
7.0. This result was in agreement with a previous report for
B. thuringiensis strain CMBL-BT-6, in which the optimum
pH of the medium for PHB production was 7.0, while an
alkaline pH resulted in a slight decrease in PHB production
(Saleem et al., 2014). In addition, the result was similar to
a previous report that showed that the optimum pH of the
medium for PHB production by B. cereus was 7.0, whereas
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Figure 4. Effect of (a) nitrogen sources, (b) pH of the medium, and (c) incubation
period for the biomass and PHB production by B. thuringiensis B417-5. Data
represent mean values ± SD from three independent experiments.
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acid or alkaline pH media showed dramatic decreases in
cell growth and PHB production (Aly et al., 2013).
3.3.4. Effect of incubation time on PHB production
B. thuringiensis B417-5 was cultured in the optimum
medium containing 1% TSS sugarcane juice and 0.5%
yeast extract at pH 7.0 and 37°C, with shaking at 100 rpm.
The cell mass gradually increased and reached maximum
cell density (3.840 g/L) after entering the stationary phase
of growth at 48 h after incubation, and then a gradual
decrease was observed (Figure 4c). The results agreed with
a report on the cultivation of B. thuringiensis R1 in a basal
medium containing glycerol as the carbon source, where
the maximum dry cell mass and PHB accumulation were
observed in the stationary growth phase (Rohini et al.,
2006). A rapid consumption of sugars was observed in the
log phase during 12 to 48 h of cultivation, with complete

consumption at 60 h. PHB accumulation rapidly increased
in the log phase and reached the maximum of 2.768 g/L
(72.08% of DCW) at 48 h of cultivation. Decreased PHB
accumulation was observed after prolonging incubation
after 72 h as it served as an alternative energy source of
PHB (Prieto et al., 2016). This result was consistent with
the observation made by Rohini et al. (2006) of a decrease
in PHB accumulation in B. thuringiensis after a prolonged
cultivation period. However, this result contrasted with a
report on B. cereus in which PHB accumulation remained
almost constant after prolonging incubation to 120 h
(Valappil et al., 2008).
3.4. Characterization of extracted PHB
3.4.1. NMR analysis
The 1H NMR spectrum in Figure 5a revealed typical
chemical shifts of hydrogen at 1.2, 2.5, and 5.2 ppm, which

Figure 5. Characterization of the extracted PHB produced by B. thuringiensis B417-5 using
(a) 1H NMR and (b) FTIR.

1000

THAMMASITTIRONG et al. / Turk J Biol
corresponded to the –CH3 doublet, –CH2 multiplex, and
–CH doublet, respectively. The signal at 7.2 ppm was
attributed to the solvent CDCl3, while the signal at 1.5 ppm
represented the contaminated H2O (Fulmer et al., 2010).
The obtained 1H NMR spectrum was similar to those of
B. thuringiensis R1 (Rohini et al., 2006), B. thuringiensis
KSADL127 (Alarfaj et al., 2015), and commercial PHB
(Li et al., 2013). The NMR analysis implied that the PHA
polymer synthesized by B. thuringiensis B417-5 was PHB.
This result was consistent with the work of Suwannasing
et al. (2015), who reported that a PHB homopolymer was
usually produced when using a sugar-based carbon source.
3.4.2. FTIR analysis
The FTIR spectrum revealed the characteristic peaks of
PHB at 1719 cm–1 and 1278 cm–1, which corresponded
to the ester carbonyl groups C=O and C-O, respectively
(Figure 5b). In addition, the bands detected at 1455 cm–1
corresponded to the C-H bending vibration in CH3,
and the bands at 2932 and 2975 cm–1 corresponded to
the C-H stretching vibrations of methyl and methylene
groups, respectively. These obtained FTIR spectrum
peaks correlated with those of the PHB extracted from B.
thuringiensis KSADL127 and B. cereus SPV (Valappil et

al., 2008; Alarfaj et al., 2015), confirming that the polymer
isolated from B. thuringiensis B417-5 was PHB.
3.5. Conclusions
B. thuringiensis B417-5 exhibited the highest ability for
PHB production. The economic substrate sugarcane juice
can be used as the sole carbon source for PHB production
by this strain. After optimization of the medium and culture
conditions, the highest level of PHB production (2.768
g/L, 72.08% of DCW) was achieved when culturing B.
thuringiensis B417-5 in the optimized medium containing
1% TSS of sugarcane juice, 0.5% yeast extract, pH 7.0, and
incubation at 37 °C with shaking at 100 rpm for 48 h. The
findings of this study provide an economic potential use
of B. thuringiensis B417-5 for PHB biodegradable polymer
production in medical materials applications. Scaled-up of
PHB production is planned for future study.
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